Introduction {#S0001}
============

Drug-induced side effects on normal cells and acquired drug resistance of cancer cells are major obstacles to cancer chemotherapy. Smart nano-drug delivery systems (SDDs), with their characteristic intelligence, are promising tools for addressing these obstacles. SDDs improve the therapeutic efficiency of anticancer drugs by reducing the toxic effects induced by anticancer drugs in normal cells and reducing the side effects of chemotherapy.[@CIT0001]--[@CIT0003] In recent years, SDDs have garnered attention in the scientific community and the pharmaceutical industry.[@CIT0004]--[@CIT0006] Many nanocarriers are available for preparing SDDs, including nanoparticles,[@CIT0007]--[@CIT0011] micelles,[@CIT0012]--[@CIT0014] vesicles,[@CIT0015]--[@CIT0017] nanogels,[@CIT0018] and quantum dots.[@CIT0019],[@CIT0020] Among these nanocarriers, vesicles have been the most extensively studied because of their unique cavity structure and their ability to encapsulate and control the release of water-soluble or water-insoluble drugs in response to specific stimuli.[@CIT0021],[@CIT0022] Currently, a variety of amphiphilic molecules have been used in the fabrication of vesicles; moreover, amphiphilic host molecules are particularly promising for vesicle construction because of their unique dynamic reversibility, which has led to the emergence of supramolecular vesicles.[@CIT0023]--[@CIT0025] Supramolecular vesicles obtained through host-guest interactions have attracted much attention as SDDs because of their smart responsiveness to stimuli.

Pillar\[n\]arenes, novel macrocyclic host molecules, were first synthesized and named by Tomoki Ogoshi in 2008,[@CIT0026] and they have since attracted increasing interest, with many intelligent nanomaterials constructed based on them,[@CIT0027]--[@CIT0034] and playing important roles in biotechnology and biomedicine. Notably, their unique capacity for facile and functional modification has endowed them with the ability to selectively bind different kinds of hydrophilic functional groups, including anions, neutral and cations groups, making them particularly useful for constructing amphiphilic pillar\[n\]arenes.[@CIT0035] Compared to pillar\[n\]arenes, amphiphilic pillar\[n\]arenes are intelligent and targeted according to functional hydrophilic group modifications, with potential applications in many fields, such as molecular recognition, biological analysis, and drug delivery.[@CIT0036]--[@CIT0040]

Because of the rapid development of the fascinating research field of amphiphilic pillar\[n\]arenes, in this review, we mainly categorize amphiphilic pillar\[n\]arenes according to the electric dipole properties of various hydrophilic groups and their means of synthesis: 1) neutral amphiphilic pillar\[n\]arenes. 2) anionic amphiphilic pillar\[n\]arenes. 3) cationic amphiphilic pillar\[n\]arenes ([Scheme 1](#SCH0001)). When introducing examples, we discuss not only the synthesis of these amphiphilic pillar\[n\]arenes but also the construction of the supramolecular vesicles based on amphiphilic pillar\[n\]arenes, including their application in the targeted and stimuli-responsive drug delivery in SDDs.[@CIT0041]--[@CIT0044] Moreover, the current challenges of and future prospects for multifunctional amphiphilic pillar\[n\]arenes are also illustrated.

Synthesis of Amphiphilic Pillar\[n\]arenes {#S0002}
==========================================

Compared with pillar\[n\]arenes, amphiphilic pillar\[n\]arenes are more widely used to construct supramolecular vesicles because of their excellent properties.[@CIT0045]--[@CIT0047] In this section, we mainly focus on the synthesis of neutral, anionic and cationic amphiphilic molecules based on pillar\[n\]arenes, depending on the type of functional group modification at the termini of the pillar\[n\]arene.

Synthesis of Neutral Amphiphilic Pillar\[n\]arenes {#S0002-S2001}
--------------------------------------------------

Many different kinds of neutral groups have been studied for modifying pillar\[n\]arenes. The neutral motifs include almost all common groups sugars, aliphatic chains, polyethylene glycol chains, etc. These groups endow amphiphilic pillar\[n\]arenes with desired properties, especially a targeting function and favorable biocompatibility. For example, in 2013, Yu et al obtained an amphiphilic pillar\[5\]arene by synthesizing asymmetric pillar\[5\]arene, with one end modified with a sugar moiety and the other end modified with a hydrophobic aliphatic chain. It self-assembled in a short time in aqueous solution to form nano-sugar vesicles, which were transformed into a nano-tubular structure after one week of being undisturbed ([Figure 1](#F0001){ref-type="fig"}).[@CIT0048]Figure 1(**A**) Synthetic route and chemical structure of **P1**; (**B**) self-assembly of **P1** in water. Reprinted with permission from Yu GC, Ma YJ, Han CY, et al. A sugar-functionalized amphiphilic pillar\[5\]arene: synthesis, self-assembly in water, and application in bacterial cell agglutination. *J Am Chem Soc*. 2013;135:10310--10313.[@CIT0048]; Copyright 2013, American Chemical Society.

In 2017, Wang's group successfully developed a water-soluble pillar\[5\]arene (**GalP5**) based on a *β*-D-galactose functional group and used it for constructing supramolecular, a targeted and prodrug nanoparticle with stimuli responsiveness based on its host-guest interaction with the prodrug camptothecin (**G**). This pillar\[5\]arene has many potential applications in the field of targeted drug delivery.[@CIT0029] In addition, Pei and colleagues synthesized an amphiphilic pillar\[5\]arene (**GALWP5**) by modifying it with a galactose unit at each end to successfully develop a novel dual targeting supramolecular glycol-vesicle (**GALWP5⊃D⊃TPP**) based on the host-guest complexation of **GALWP5** and a triphenyl phosphonium derivative (**D-TPP**).[@CIT0049] Recently, selenium-containing compounds have been selected as candidates for stimuli-responsive materials because of their sensitivity in the presence of oxidants or reductants. In 2017, Zhou et al prepared the first selenium-containing macrocyclic amphiphile by adopting selenium for pillar\[5\]arene modification.[@CIT0050] Subsequently, they reported a dual redox-responsive supramolecular amphiphile formed by their selenium-containing pillar\[6\]arene and a ferrocenium cationic guest, which could controlled by different reductant/oxidant pairs in water.[@CIT0051]

In addition, ethoxylate is typically used as the neutral group for modifying pillar\[n\]arenes. Its high stability and resistance to strong electrolytes, acids and alkali is due to its lack of ionic state. It can effectively improve the biocompatibility of pillar\[n\]arenes and has a good solubilizing function. In 2012, Ogoshi et al synthesized a new water-soluble pillar\[6\]arene with triethylene oxide, which complexes with azobenzene derivatives to form a photoresponse system that underwent photo-reversible conversion at low critical solution temperatures.[@CIT0052] In 2013, Zhao and co-workers synthesized amphiphilic pillar\[5\]arene using water-soluble ethylene glycol and hydrophobic alkyl groups, which gave it significantly improved cellular biocompatibility.[@CIT0053] In 2014, Chi et al synthesized an ethoxy-modified water-soluble pillar\[7\]arene (**WP7**), from which the ﬁrst pillararene-based supra-amphiphilic poly-pseudorotaxane was constructed, that **WP7** could self-assemble in the presence of an azobenzene derivative to form vesicles in water.[@CIT0054] Moreover, Huang and colleagues reported a neutral amphiphilic pillar\[5\]arene modified by a polyethylene glycol chain, which formed a superamphiphile with a paraquat polymer that served as a redox reaction system ([Figure 2](#F0002){ref-type="fig"}).[@CIT0055] Furthermore, Huang's group reported an ethoxy-modified water-soluble pillar\[10\]arene that was synergistically complexed with paraquat derivatives to generate a thermally responsive \[3\] pseudorotaxane.[@CIT0040] Subsequently, this group successfully prepared a multi-reactive amphiphilic supramolecular diblock copolymer based on the neutral pillar\[10\]arene and paraquat polymer in water. This copolymer could self-assemble at room temperature to form multiresponsive polymer micelles, which have application for the controlled release of small molecules.[@CIT0031] In 2016, it reported that, by linking an ethoxy chain to both ends of a pillar\[n\]arene, an amphiphilic pillar\[5\]arene could be synthesized successfully. Based on the recognition of the host-guest molecule with this amphiphilic pillar\[5\]arene and a viologen salt (**M), P5-PEG⊃Biotin⊃PTPE** self-assembled into supramolecular structure nanoparticles (**SNPs**) and acted as a self-imaging drug delivery system using an aggregation induced emission (**AIE**) effect. This study described a new method for the construction of self-imaging drug delivery systems that have great potential application value in the field of cancer treatment.[@CIT0027] The same year, Yu and colleagues synthesized a neutral polyethylene glycol-modified amphiphilic pillar\[5\]arene and linked with a biotin targeting ligand, which can constructed with a viologen salt polymer guest molecular to make supramolecular diblock copolymerized amphiphile.[@CIT0044]Figure 2Chemical structures of **WP5** and polymer **1**, as well as schematic illustration of the redox-responsive self-assembly between **WP5** and **1** in water.**Notes:** Reprinted with permission from Chi XD, Yu GC, Ji XF, et al. Redox-responsive amphiphilic macromolecular \[2\] pseudorotaxane constructed from a water-soluble pillar\[5\]arene and a paraquat-containing homopolymer. *ACS Macro Lett.* 2015;4:996--999.[@CIT0055]; Copyright 2015, American Chemical Society.

The effective reduction of cytotoxicity induction by antitumor peptides in normal cells remains a challenge. In 2019, Li et al synthesized a monofunctionalized amphiphilic pillar\[5\]arene (**P-PEG**) by modifying a pillar\[5\]arene with polyethylene glycol chain, and a pH/redox- responsive supramolecular structure (**Pep-V⊂P-PEG**) was designed by the host interacting with the **Pep-V**-modified guest peptide. This work proved that **Pep-V⊂P-PEG** has a supramolecular structure, is highly selective and induces few side effects, therefore, it can be used as a potential antitumor agent for development and application.[@CIT0056]

Synthesis of Anionic Amphiphilic Pillar\[n\]arenes {#S0002-S2002}
--------------------------------------------------

To date, anionic motifs have been extensively studied and applied to pillar\[n\]arenes to synthesize negative amphiphilic pillar\[n\]arenes.[@CIT0057],[@CIT0058] Carboxyl groups are currently the most widely used moiety. In 2012, Yu et al successfully synthesized the first amphiphilic pillar\[6\]arene modified by a carboxyl group, and by changing the pH, its water solubility was reversibly controlled ([Figure 3](#F0003){ref-type="fig"}). The solubility of this water-soluble pillar\[6\]arene (**WP6)** enabled its morphology to be reversibly converted between a nanotube and vesicle.[@CIT0038] The same year, Yu et al used a carboxyl-modified pillararene to obtain an anionic amphiphilic pillararene, which was combined with paraquat by in a host-guest assembly to hinder direct contact between paraquat molecules and cells and inhibited the formation of paraquat free radicals successfully. To a certain extent, the anionic amphiphilic pillararene reduced the toxicity of paraquat in human cells, which is of great significance for the safe application of the pesticide paraquat.[@CIT0059] Li et al synthesized an anionic amphiphilic water-soluble pillar\[7\]arene (**WP7**) by introducing 14 anionic carboxylate groups at both edges of the pillar\[7\]arene, and the pH control complexation process with the paraquat **G1** in water was studied. Using this novel molecular recognition motif, they produced a superamphiphile, **WP7⊃G2**, based on **WP7** and the amphiphilic paraquat derivative **G2**, which self-assembled into supramolecular vesicles in water through host-guest interactions. Future work on controlled release and drug delivery will be based on this novel molecular recognition motif.[@CIT0060] In 2016, Huang's group successfully increased the intensity of near-infrared emission by generating a host-guest complex of a carboxy-modified water-soluble pillar\[5\]arene and a cyanostyrene derivative in water.[@CIT0061] Recently, Zhao et al successfully prepared two amphiphilic poly pseudorotaxanes that self-assembled into supramolecular polymer vesicles according to the molecular recognition of carboxyl-modified water-soluble pillar\[n\]arenes and paraquat and studied the release of encapsulated drugs through pH-triggered self-assembling fluorescent (due to aggregation-induced emission of tetraphenylethylene) supramolecular polymers.[@CIT0062]Figure 3Synthetic route to **WP6**.**Notes:** Reprinted with permission from Yu GC, Xue M, Zhang ZB, et al. A water-soluble pillar\[6\]arene: synthesis, host−guest chemistry, and its application in dispersion of multiwalled carbon nanotubes in water. *J Am Chem Soc*. 2012;134:13248--13251.[@CIT0038]; Copyright 2012, American Chemical Society.

Recently, Wang's group completed extensive work based on carboxylated functional pillar\[n\]arenes. They synthesized an amphiphilic pillar\[6\]arene using a carboxyl-modified pillar\[6\]arene and constructed the first pH responsive SDS molecule with an alkyl chain-modified ferrocene derivative (**FcA**).[@CIT0063] In 2014, Hu et al successfully constructed an amphiphilic pillar\[6\]arene (**WP6**) by modifying the carboxyl group at both ends of pillar\[6\]arene, it can form an amphiphilic host-guest inclusion complex with azobenzene derivative **G1** or **G2**. Thus, two novel supramolecular nanocarriers were prepared.[@CIT0064] In another work, Wang and co-workers used a carboxyl-modified pillar\[6\]arene to obtain an anionic amphiphilic pillar\[6\]arene, and used it to construct a multi-stimulus-responsive vesicle with a pyridinium derivative guest.[@CIT0065] Recently, Wang's group successfully constructed a **WP6**-based drug-drug conjugated supramolecular nanocarrier. The water solubility of amphiphilic pillar\[6\]arene (**WP6**) was achieved by linking carboxyl groups to both ends of **WP6**.[@CIT0043] There are many paradigms of amphiphilic pillar\[5\]arenes based on carboxyl modification. Hu, Wang and co-workers synthesized a water-soluble pillar\[5\]arene from carboxyl modified pillar\[n\]arenes in 2015, and successfully developed an amphiphilic inclusion complex based on it and the lysine derivative.[@CIT0042] Later, they synthesized amphiphilic pillar\[5\]arene in the same way and used it in a complex with a boron-dipyrromethene-derived compound in aqueous medium to form a superamphiphilic molecule.[@CIT0066] Recently, they successfully constructed a novel glucose-reactive supramolecular drug delivery system using the host-guest interaction of a carboxyl-modified water-soluble pillar\[5\]arene (**WP5**) and a pyridyl boronic acid derivative (**G**).[@CIT0067] Furthermore, in another work, Hu and colleagues synthesized an amphiphilic pillar\[5\]arene based on a carboxyl-modified water-soluble **WP5** and bola-type supramolecular amphiphiles with dual pH and GSH responses were successfully constructed through complexation with a bola-type naphthalimide guest (**G**) in water.[@CIT0068]

Pei's group synthesized carboxylated amphiphilic pillar\[6\]arenes by modifying the carboxyl groups at the ends of a pillar\[6\]arene, and a novel supramolecular complex was constructed based on the host-guest complexation of this carboxyl-modified pillar\[6\]arene with a galactose derivative and doxorubicin (DOX)-loaded ZIF-8. This work opened up a new avenue for building multifunctional supramolecular hybrid materials for cancer therapeutic applications.[@CIT0069] Subsequently, in 2016, Pei and colleagues successfully synthesized an amphiphilic pillar\[5\]arene by attaching ferrocenecarboxylic acid to each end of pillar\[5\]arene, and through host-guest interactions with a galactose derivative, supramolecular vesicles were formed. Under oxidizing conditions, ferrocene exhibits electropositivity, which makes these amphiphilic pillararenes promising for siRNA co-delivery.[@CIT0070]

In recent years, carboxy-pillar\[n\]arenes have received increasing attention because of their effective pH response. Ji et al synthesized an amphiphilic pillar\[5\]arene by using carboxyl-modified pillar\[5\]arenes, and a novel dual pH-responsive supramolecular prodrug micelle was constructed based on the interaction between this host and a guest with methyl viologen-functionalized doxorubicin (MV-DOX).[@CIT0028] In 2016, Shi and co-workers synthesized water-soluble pillar\[6\]arene (**WP6**) modified with a carboxyl group, and based on its complexation with a photoreactive azobenzene derivative serving as a guest, a stimulus-responsive nanoparticle carrier was prepared.[@CIT0071] This same year, Wheate et al demonstrated the wide-ranging biomedical applications of carboxylated pillar\[n\]arene nanocapsules by synthesizing carboxylated pillar\[n\]arenes.[@CIT0072] A water-soluble amphiphilic pillar\[6\]arene (CPA\[6\]) with a substituted carboxylate was synthesized by Du's group, and a novel supramolecular vesicle was constructed based on the host-guest interaction of this carboxylated pillar\[n\]arene with a disulfide-bonded benzimidazole amphiphile.[@CIT0073] Fan and co-workers successfully synthesized a negative amphiphilic pillar\[5\]arene with carboxyl-modified water-soluble pillar\[5\]arene, which self-assembled upon complexation with a bola-type guest **G**, that absorbs near-infrared light (NIR) to form a multifunctional supramolecular vesicle. This work provides an innovative approach to building new nanocarriers.[@CIT0074] In 2017, Zhou and colleagues successfully synthesized a water-soluble pillar\[6\]arene (**WP6**) by linking carboxyl groups at both ends of pillararene, followed by the construction of a dual pH/light stimuli-responsive compound vesicle with a block copolymer **(BCP)** containing amphiphilic azobenzene.[@CIT0075] In 2018, Zhong and co-workers successfully synthesized a water-soluble amphiphilic **WP5**-modified by carboxyl groups, and constructed pH and redox dual-responsive polymer vesicles based on host-guest interactions of their modified **WP5** with a paraquat-containing block copolymer **(BCP)**.[@CIT0076] This same year, Zhou et al synthesized a water-soluble amphiphilic pillar\[5\]arene modified by a carboxyl group, and CO~2~-enhanced bola-type supramolecular amphiphiles were successfully constructed using CO~2~ responsive borosilicate **GH2** driven by host-guest complexation with a positively charged ammonium salt. Finally, they successfully demonstrated the effective controlled release of self-assembled vesicles consisting of bola-type supramolecular amphiphiles containing calcein. This work provides an idea for building new smart CO~2~ responsive supramolecular materials ([Figure 4](#F0004){ref-type="fig"}).[@CIT0077] Moreover, Yang et al synthesized amphiphilic carboxylated pillar\[6\]arene, and used it to construct a multifunctional supramolecular material with a polypyrrole\@UiO-66 nanocomposite for targeted chemiluminescence therapy.[@CIT0032] Yin et al successfully synthesized an amphiphilic pillar\[5\]arene **(WP5)** modified with a carboxyl group, and constructed host-guest supramolecular complexes based on WP5 and spiropyran derivatives **(G)**; the structural changes of the visible light-inducing component were studied.[@CIT0039]Figure 4(**A**) Chemical structures and cartoon representations of **WP5**, and guest molecules **G** and **GH2**; (**B**) Cartoon representation of the self-assembly of **GH2, (WP5)2⊃GH2**, and the controlled behavior.**Notes:** Reprinted with permission from Zhou YJ, Li ER, Zhao R, Jie KC. CO2-enhanced bola-type supramolecular amphiphile constructed from pillar\[5\]arene-based host−guest recognition. *Org Lett*. 2018;20:4888--4892.[@CIT0077]; Copyright 2018, American Chemical Society.

Phosphoric acid groups can also be used to modify and synthesize amphiphilic pillar\[n\]arenes. In 2016, Hu, Wang et al synthesized negative amphiphilic pillar\[n\]arenes WP\[n\]s based on phosphorylated pillar\[n\]arenes, and the introduction of a phosphate group enhanced their water solubility and biocompatibility.[@CIT0078] Du's group synthesized a phosphorylated amphiphilic pillar\[5\]arene (PPA\[5\]), which was constructed as a novel supramolecular nanowire based on its host-guest interactions with choline-functionalized mesoporous silica nanoparticles (MSNs). **PPA\[5\]** surrounds choline or pyridinium stems to form supramolecular nanotubes for the encapsulation and release of drugs in MSN wells. **PPA\[5\]** exhibits high binding affinity for quaternary ammonium salt, which it binds through host-guest interactions primarily based on ion pairing between the phosphate and quaternary ammonium (guest) moieties to minimize the premature release of the drug ([Figure 5](#F0005){ref-type="fig"}).[@CIT0030]Figure 5Synthetic route to phosphonated pillar\[5\]arene (**PPA\[5\]**).**Notes:** Reprinted with permission from Huang X, Wu SS, Ke XK, Li XY, Du XZ. Phosphonated pillar\[5\]arene-valved mesoporous silica drug delivery systems. *ACS Appl Mater Interfaces*. 2017;9:19638--19645.[@CIT0030]; Copyright 2017, American Chemical Society.

In 2019, Chang et al reported that a charge-reversing amphiphilic pillar\[5\]arene P5NH-DCA, was induced by the hydrolysis of acid-labile amide groups in the acidic microenvironment of tumors. Specifically, the head group charge of P5NH-DCA changed from negative to positive, enabling it to destroy cancer cells with high efficiency. In normal cells, the negatively charged P5NH-DCA remains stable, which greatly reduces the toxicity it induces in normal cells and improves its anticancer bioavailability ([Figure 6](#F0006){ref-type="fig"}).[@CIT0079] Compared with the wide application of carboxyl groups in the synthesis of amphiphilic pillar\[n\]arenes, sulfonic acid groups have not been extensively studied. However, Jin et al synthesized a monosulfonicpillar\[5\]arene in 2018. The host-guest interactions between it and six alcohol molecules were also studied in detail.[@CIT0080] Recently, Yang's group synthesized a water-soluble disulfonic pillar\[5\]arene and a pH-stable fluorescence system was constructed using it and a water-soluble tetraphenylethylene guest ([Figure 7](#F0007){ref-type="fig"}).[@CIT0081] Thus, sulfonic acid group has great potential for their development and application as amphiphilic pillar\[n\]arene modifications in the future.Figure 6(**A**) Charge reversal process of **P5NH-DCA**; (**B**) Binding to cancer cell membrane; (**C**) Disrupting cancer cell membrane; (**D**) Killing cancer cells.**Notes:** Reprinted with permission from Chang YC, Chen JY, Yang JP, et al. Targeting the cell membrane by charge-reversal amphiphilic pillar\[5\]arene for the selective killing of cancer cells. *ACS Appl Mater Interfaces*. 2019;11:38497--38502.[@CIT0079]; Copyright 2019, American Chemical Society.Figure 7Chemical structures and cartoons of **DSP5** and **TPE-Q4** and the schematic presentation of their self-assembly into a fluorescent supramolecular system for the selective detection of Fe^3+^ ions.**Notes:** Reprinted with permission from Wang X, Lou XY, Jin XY, Liang F, Yang YW. A binary supramolecular assembly with intense fluorescence emission, high pH stability, and cation selectivity: supramolecular assembly-induced emission materials. *Research*. 2019;2019:1454562.[@CIT0081]; Copyright 2019, Science.

Synthesis of Cationic Amphiphilic Pillar\[n\]arenes {#S0002-S2003}
---------------------------------------------------

Compared to the numerous anionic and neutral motifs used to modify pillar\[n\]arenes, the number of cationic motifs reported for using as motifs in pillar\[n\]arene modifications are relatively limited. Ogoshi et al modified both ends of pillararene with tetra-alkylphosphine to obtain an cationic amphiphilic pillararene, which could be simultaneously dissolved in an aqueous solution and an organic solvent, and used as a highly efficient substrate selectivity phase transfer catalyst ([Figure 8](#F0008){ref-type="fig"}).[@CIT0082] Li et al successfully synthesized a cationic water-soluble pillar\[6\]arene with twelve pyridinium moieties, which showed strong binding affinity for two naphthalene sulfonate derivatives in an aqueous medium, therefore it has the potential for effective complexation with specific important anionic guests.[@CIT0083]Figure 8Synthetic route of tetra-alkylphosphine capped amphiphilic pillar\[5\]arene **1**.**Notes:** Reprinted with permission from Ogoshi T, Ueshima N, Yamagishi TA. An amphiphilic pillar\[5\]arene as efficient and substrate-selective phase-transfer catalyst. *Org Lett*. 2013;15:3742--3745.[@CIT0082]; Copyright 2019, American Chemical Society.

In 2011, Huang's group successfully prepared a cationic water-soluble pillar\[5\]arenes by introducing trimethyl-ammonium groups on the upper and lower edges of the pillar\[5\]arenes, which formed a stable 1:1 host guest complex with sodium 1-octanesulfonate in water. This novel cationic pillar\[5\]arene provides more opportunities for related research in the field of host-guest chemistry.[@CIT0084]

In another work, Huang's group successfully synthesized a new water-soluble pillar\[5\]arene with ten imidazolium groups on the edges, which could be used as a stabilizer to make gold nanoparticles smaller than 6 nm in water.[@CIT0085] Yao et al constructed an amphiphilic pillar\[5\]arene based on an asymmetric pillar\[5\]arene by modifying the amino group at one end and the hydrophobic fatty chain at the other end, it enabling the self-assembled formation of nanovesicles in aqueous solution through hydrophobic interactions. They also loaded these vesicles with calcein molecules and found that, upon pH stimulation, the regulated release of calcein molecules could be achieved.[@CIT0036] In 2015, Jie et al successfully synthesized a cationic amphiphilic pillar\[5\]arene using a tertiary amine modified pillar\[5\]arene and developed a new type of CO~2~-responsive molecular recognition motif in combination with the anionic surfactant sodium dodecyl sulfate (SDS). DLS, SEM and TEM experiments confirmed that the inclusion complex had has supramolecular amphiphilic properties and could be used to construct spherical double-layer supramolecular vesicles, and the assembly and disassembly of these vesicles was successfully used for the release of gas and surfactant-triggered calcein ([Figure 9](#F0009){ref-type="fig"}).[@CIT0037] Hu et al obtained a cationic amphiphilic pillar\[5\]arene by modifying it with functionalized monoalkylamines, which underwent host-guest interactions with guanidine carbon phenylpropanol (GCP) in aqueous solution to form amphiphilic peptides and spontaneously self-assembled supramolecular vesicles. In addition, experiments have shown that these peptides have effective gene transfection properties.[@CIT0086] In a recent study, Hu et al successfully synthesized a cationic amphiphilic **WP5**, the ends of which were modified with quaternary ammonium salt, a pillar\[5\]arene prodrug, **WP5-DOX**; and an Arg-Gly-Asp (RGD) modified sulfonate guest, **RGD-SG**; these components formed a stimuli-responsive tumor-targeted drug delivery system actualized by host-guest recognition.[@CIT0087]Figure 9(**A**) Chemical structures and cartoon representations of **1, 2**, and SDS and (**B**) Cartoon representation of gas-controlled self-assembly and dual-triggered release of calcein.**Notes:** Reprinted with permission from Jie KC, Zhou YJ, Yao Y, Shi BB, Huang FH. CO~2~-responsive pillar\[5\]arene-based molecular recognition in water: establishment and application in gas-controlled self-assembly and release. *J Am Chem Soc*. 2015;137:10472--10475.[@CIT0037]; Copyright 2015, American Chemical Society.

In addition, Pei's group successfully constructed a cation amphiphilic pillar\[5\]arene **(FCAP)** with a terminal ferrocene, which self-assembled in aqueous solution to form a novel cationic vesicle with GSH-triggering and siRNA co-delivery capacity.[@CIT0088] Subsequently, in 2016, a Trp-modified pillar\[5\]arene **(TP5)** was reported, to be a novel water-soluble amphiphilic macrocyclic molecule. Its water solubility was produced by a free amino group, and a supramolecular vesicle **(TP5G)** was constructed based on the host-guest interaction of TP5 and a galactose derivative **(G)**.[@CIT0089] Moreover, by attaching cysteamine hydrochloride to both ends of the pillar\[5\]arene, Lu and co-workers successfully synthesized a cationic amphiphilic pillar\[5\]arene and via host-guest interactions between it and a galactose derivative, a multifunctional supramolecular vesicle was assembled.[@CIT0090]

Amphiphilic Pillar\[n\]arene-Based Supramolecular Vesicles for Smart Nano-Drug Delivery {#S0003}
=======================================================================================

Supramolecular vesicles are the most widely used nanocarriers in smart drug delivery systems due to their facile construction, high-cargo-loading capacity, and effective biocompatibility, which enhances the therapeutic efficiency of anticancer drugs and overcomes obstacles to chemotherapy. Currently, aiming at the differences between the microenvironment of cancer cells and normal cells, many functional supramolecular vesicles have been constructed based on amphiphilic pillar\[n\]arenes. In this section, we focus on the progress of amphiphilic pillar\[n\]arene-ased supramolecular vesicle applications in SDDs.

Amphiphilic Pillar\[n\]arene-Based Stimuli-Responsive Supra-Molecular Vesicles for Smart Nano-Drug Delivery {#S0003-S2001}
-----------------------------------------------------------------------------------------------------------

The stimuli-responsive supramolecular vesicles not only encase drugs but also possess intelligence, which can be used to improve the therapeutic efficiency of anticancer drugs. To date, stimuli-responsive supramolecular vesicles with various levels of responsiveness to external stimuli, such as pH, redox enviroments, light, GSH, and other chemical/physical stimuli, have application that have been significantly expanded the applications in smart drug delivery.[@CIT0057]

### Amphiphilic Pillar\[n\]arene-Based Single Stimuli-Responsive Supra-Molecular Vesicles for Smart Nano-Drug Delivery {#S0003-S2001-S3001}

The first pH-responsive smart drug delivery system (DDSs) was constructed by Wang and co-workers. It had an alkyl chain-modified ferrocene derivative (**FcA**) that could strongly bind **WP6** in water to form a stable inclusion complex (**WP6**\***FcA**) via hydrophobic effects.[@CIT0063] The complex was assembled into supramolecular vesicles that were capable of encapsulating hydrophilic mitoxantrone (MTZ) to achieve MTZ-loaded vesicles for rapid MTZ release in low-pH environments. Wang et al proved that DDSs could dramatically decrease the toxicity induced by MTZ in normal cells without compromising the therapeutic effects of MTZ on cancer cells ([Figure 10](#F0010){ref-type="fig"}). In another work, they used a new glucose-reactive supramolecular drug delivery system based on **WP5** and pyridylboronic acid derivatives **(G)** for insulin delivery and controlled release under physiological conditions.[@CIT0067] Insulin-loading and in vitro drug release experiments showed that insulin could be successfully encapsulated in these vesicles. This was the first time that small supramolecular vesicles were used to encapsulate large proteins. This work provides a good example of the potential application of smart supramolecular vesicle systems in the treatment of diabetes.Figure 10Schematic illustration of the formation of supramolecular vesicles and their pH-responsive drug release.**Notes:** Reprinted with permission from Duan QP, Cao Y, Li Y, et al. pH-responsive supramolecular vesicles based on water-soluble pillar\[6\]arene and ferrocene derivative for drug delivery. *J Am Chem Soc*. 2013;135:10542--10549.[@CIT0063]; Copyright 2013, American Chemical Society.

In 2015, Huang and co-workers used redox reaction systems consisting of neutral WP\[5\] **(WP5)** and paraquat polymers to make redox-sensitive polymer vesicles.[@CIT0055] TEM showed that the aggregates exhibited a spherical morphology, and dynamic light scattering (DLS) showed that the sizes of the aggregates were similar to those observed under TEM. After the addition of Na~2~S~2~O~4~ as a reducing agent, the vesicles underwent a dramatic morphological changes. In addition, the anticancer drug doxorubicin hydrochloride (DOX·HCl) was used to test the controlled release function of these vesicles. The results indicated that these DOX-containing vesicles had a higher release rate in the presence of Na~2~S~2~O~4~ and greater payload release than they did in the absence of stimulation, suggesting they can be used as redox stimuli-responsive drug delivery systems. Due to the sensitivity of selenium-containing compounds in the presence of oxidants or reducing agents, they have been selected as good candidates for stimulus-responsive materials. In 2017, Zhou et al used amphiphilic selenium-containing pillar\[5\]arenes that self-assembled in water to form redox-reactive vesicles; moreover, these vesicles could be used for the controlled release of DOX.[@CIT0050]

### Multi-Stimuli-Responsive Supramolecular Vesicles {#S0003-S2001-S3002}

Hu et al constructed two novel supramolecular nanocarriers prepared from an amphiphilic host-guest inclusion complex consisting of water-soluble pillar\[6\]arene **(WP6)** and azobenzene derivative **G1** or **G2** ([Figure 11](#F0011){ref-type="fig"}).[@CIT0064] **G1** was structurally similar to **G2**, but had an additional phenoxy group in the hydrophobic region. **WP6** with **G1** formed supramolecular micelles that gradually transformed into a layered structure with liquid crystal properties, while **WP6** and **G2** formed stable supramolecular vesicles in water, that exhibited dual light and pH responsiveness. It is notable that the **WP6⊃G2** supramolecular vesicles effectively encapsulated the anticancer drug mitoxantrone (MTZ), and remained stable in the simulated normal physiological environment; however, in acidic environment similar to that of tumor cells or upon external UV irradiation, the encapsulated drug was promptly released.Figure 11Schematic illustration of the construction of supramolecular micelles (**WP6⊃G1**) or vesicles (**WP6⊃G2**) and the application of supramolecular vesicles in drug delivery.**Notes:** Reprinted with permission from Hu XY, Jia KK, Cao Y, et al. Dual photo- and pH-responsive supramolecular nanocarriers based on water-soluble pillar\[6\]arene and different azobenzene derivatives for intracellular anticancer drug delivery. *Chem Eur J*. 2015;21:1208--1220.[@CIT0064]; © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

Subsequently, Wang and co-workers constructed a multi-stimuli-responsive vesicle from **WP6** and a pyridinium derivative guest.[@CIT0065] Drug-loading and controlled-release testing indicated that the anticancer drug DOX was efficiently loaded into the nanocarrier and the vesicles showed good Ca^2+^ and pH responses. In addition, cell uptake experiments indicated that the encapsulation of anticancer drugs into nanocarriers did not reduce the therapeutic effect of the drugs on tumor cells and significantly reduced the toxic side effects of the drug in normal cells. The study provides a strategy for building smart nanocarriers that have tremendous potential for smart drug delivery. In 2015, Wang et al constructed amphiphilic inclusion complexes formed by water-soluble pillar\[5\]arene and lysine derivatives that formed novel dual GSH and pH-responsive supramolecular vesicles.[@CIT0042] These vesicles exhibited excellent GSH and pH responsiveness in a simulated acidic tumor environment with a high GSH concentration and released the encapsulated MTZ effectively. Finally, MTT assays used to assess cytotoxicity showed that these MTZ-loaded vesicles were effective in inhibiting the proliferation of cancer cells and had potent antitumor activity. Currently, research on the active targeting of this supramolecular vesicle platform in response to the tumor microenvironment is ongoing, and is expected to provide better platforms for the efficient treatment of cancer and tumors.

In 2017, Wang et al successfully constructed a dual pH- and GSH (glutathione)-responsive bola supramolecular amphiphile based on soluble pillar\[5\]arene **(WP5)** and bolaform naphthalimide guest **(G)** in water.[@CIT0068] The resulting bola-type amphiphile self-assembled into supramolecular binary vesicles in water because of host-guest interactions, and at low pH and/or high GSH concentration environment will decompose. In addition, drug-loading and release assays showed that the hydrophobic anticancer drug doxorubicin (DOX) was successfully encapsulated in the vesicle and that the loaded drug was rapidly released in an acidic microenvironment with high GSH concentration. It is worth noting that cytotoxicity experiments showed that these DOX-loaded supramolecular vesicles had a significantly increased anticancer effect on tumor cells compared to that of free DOX, and the reduced side effects on normal cells with simultaneous pH/GSH dual responsiveness was remarkable. In vitro cellular uptake and subcellular localization assays indicated that the vesicles entered cancer cells primarily through endocytosis and caused excellent drug accumulation in cancer cells. This study provides an example of the successful development of effective bola-type multi-stimuli-responsive supramolecular nanocarriers, which have great potential applications in the field of drug delivery, particularly with respect to controlled release. Later, Wang et al prepared biocompatible nanocarriers for anticancer treatment based on phosphorylated WP\[n\]s and a pyridinium bromide guest.[@CIT0078] The micelles were formed by the self-assembly of **WP5** and the guest, whereas the hollow vesicles were formed by **WP6** and the guest. Both the micelles and vesicles exhibited dual pH-/Zn^2+^-responsiveness. DOX was loaded inside the micelle, and MTZ was encapsulated by the vesicle. This study provided a new method for constructing nanocarriers with different forms of smart drug delivery. In 2018, Wang's group reported complex vesicles formed by self-assembly of a host and guest based on pillar\[5\]arene and phenyl boronic acid derivatives, which contained both insulin and glucose oxidase (GOx).[@CIT0091] This supramolecular vesicle selectively recognized glucose and underwent structural damage. In the process of GOx-promoted glucose-specific oxidation to gluconic acid, high glucose concentrations, in situ production of H~2~O~2~ and the acidic microenvironment triggered continuous and controlled insulin release ([Figure 12](#F0012){ref-type="fig"}). In vivo experiments demonstrated that this smart supramolecular nanocarrier exhibited a rapid response to hyperglycemic conditions and could effectively modulate glucose levels in a mouse model of type I diabetes over a prolonged period. This intelligent insulin delivery system with multi-stimuli responsiveness provides a good opportunity for the delivery of closed-loop insulin, and the development of a nanoplatform for continuous blood glucose monitoring will be facilitated by the use of these or similar intelligent artificial nanocarriers.Figure 12Schematic illustration of the glucose-responsive supramolecular insulin delivery system. **(A)** Chemical structure and the mechanism of multiresponsive diphenylboronic acid guest G. **(B)** Supramolecular self-assembly of the host--guest complex WP5⊃G into vesicles and their successful encapsulation of insulin and GOx as well as the efficient insulin release under hyperglycemic state.**Notes:** Reprinted with permission from Zuo MZ, Qian WR, Xu ZQ, et al. Multiresponsive supramolecular theranostic nanoplatform based on pillar\[5\]arene and Diphenylboronic acid derivatives for integrated glucose sensing and insulin delivery. *Small*. 2018;14:e1801942.[@CIT0091]; © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

Similarly, Zhou and colleagues reported the generation of dual pH/light-stimulating responsive compound vesicles based on host-guest interactions between water-soluble pillar\[6\]arene **(WP6)**and an amphiphilic azobenzene-containing block copolymer **(BCP)**.[@CIT0075] Reversible morphological transformation between complex vesicles and solid aggregates through repeated exposure to pH and light stimulation enabled controlled release of the water-soluble anticancer drug doxorubicin hydrochloride (DOX•HCl). Under external stimuli, DOX•HCl showed a faster release rate with stimulation than it did without stimulation. In addition, MTT (viability) and cell uptake assay results revealed that the composite vesicles showed excellent cytocompatibility with human breast cancer cells (MCF-7), and the drug-loaded composite vesicles exhibited lower cytotoxicity than the free drug. This system may promote new prospects in the field of drug delivery. To regulate the rate of drug release, in 2018, Zhong and co-workers successfully constructed dual pH- and redox-responses polymer vesicles generated by the host-guest interactions of **WP5** and a paraquat-containing block copolymer **BCP**.[@CIT0076] These polymeric vesicles loaded with DOX showed modulated drug release rates based on exposure to a single stimulus or a combination of both stimuli. In addition, under the conditions of this study, the DOX-loaded polymeric vesicles showed anticancer activity similar to that of free DOX in vitro, indicating that these vesicles may play important roles in the treatment of cancer as controlled-release drug carriers.

In 2016, Shi and colleagues prepared a dual-stimuli-responsive nanocarrier based on the complexation of **WP6** and a photoreactive azobenzene derivative,[@CIT0071] which self-assembled into vesicles. The nanocarriers exhibited responsiveness to light and pH, and the controlled release of DOX was achieved by the system. In the same year, Du's group reported a novel supramolecular vesicle generated based on CPA\[6\] co-assembled with the disulfide-bonded benzimidazole amphiphiles,[@CIT0073] this supramolecular vesicle responded to five triggering factors, GSH, pH, CO~2~, Zn^2+^ and HDA, resulting in disulfide bond cleavage, protonation of carboxylate groups, metal chelation and competitive bonding to achieve controlled drug release ([Figure 13](#F0013){ref-type="fig"}). This is the first example of a smart PA-based supramolecular vesicle with antibacterial properties that met the various requirements for controlling drug release. Smart stimuli-responsive supramolecular vesicles have broad application prospects in the treatment of tumors and related diseases.Figure 13Chemical structures of **G1, G2**, and **G3**, as well as illustrations of the controlled drug release in response to the five stimuli.**Notes:** Reprinted with permission from Jiang L, Huang X, Chen D, et al. Supramolecular vesicles coassembled from disulfide-linked benzimidazolium amphiphiles and carboxylate-substituted pillar-\[6\]arenes that are responsive to five stimuli. *Angew Chem Int Ed*. 2017;56:2655--2659.[@CIT0073]; © 2017 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.

Amphiphilic Pillar\[n\]arene-Based Targeted Supramolecular Vesicles for Smart Nano-Drug Delivery {#S0003-S2002}
------------------------------------------------------------------------------------------------

Anticancer drugs are scattered in the body and cannot reach tumor tissues effectively, which influences the intensity and duration of their pharmacological effects and leads to side effects on normal cells. Therefore, supramolecular vesicles with targeting functions have received considerable attention, specifically because they can precisely target tumors, enhance antitumor efficacy and effectively reduce side effects on normal cells.

### Amphiphilic Pillar\[n\]arene-Based Targeted Supramolecular Vesicles for Smart Nano-Drug Delivery {#S0003-S2002-S3001}

Yu and colleagues constructed a supramolecular diblock copolymer amphiphile based on a biotin-targeted ligand-modified water-soluble pillar\[5\]arene and a viologen salt polymer **(M)**. Promptly, host-guest complex supramolecular vesicles were formed and successfully used as nanocarriers for the targeted delivery of the anticancer drug DOX.[@CIT0044]

In 2018, Pei and colleagues successfully developed a galactose dual-targeted supramolecular ethylene glycol vesicle **(GALWP5⊃D-TPP)** based on a neutral pillar\[5\]arene and a triphenylphosphine derivative **(D-TPP)** host-guest complex ([Figure 14](#F0014){ref-type="fig"}).[@CIT0049] **GALWP5⊃D-TPP** loaded with DOX not only had the ability to target HepG2 liver cancer cells overexpressing ASGP-R but also had good mitochondrial targeting ability, which facilitated enhanced mitochondrial accumulation of drugs upon entering the cancer cells. This study provides a good example of the rational design and construction of dual-targeting supramolecular vesicles for drug delivery.Figure 14Cartoon representation of constructing dual-target supramolecular vesicles and their properties in efficient drug delivery.**Notes:** Reprinted with permission from Shang K, Wang Y, Lu YC, Pei ZC, Pei YX. Dual-targeted supramolecular vesicles based on the complex of galactose capped pillar\[5\]arene and triphenylphosphonium derivative for drug delivery. *Isr J Chem*. 2018;58:1205--1209.[@CIT0049]; © 2018 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.

### Amphiphilic Pillar\[n\]arene-Based Supramolecular Vesicles for Smart Nano-Drug Delivery for Targeted Stimulus Responsiveness {#S0003-S2002-S3002}

In 2016, Pei and co-workers successfully constructed a supramolecular vesicle **(FACP5G)** based on pillar\[5\]arene with ferrocene carboxylic acid-modified termini and a galactose derivative host-guest complex.[@CIT0070] Drug-loading experiments showed that DOX could be successfully encapsulated in these vesicles, which showed GSH and pH dual-responsiveness and cancer cell targeting based on the ferrocene carboxylic acid and galactose moieties, respectively. This work provides a good example of the rational design and construction of multifunctional nanocarriers, which has great potential for application in the field of targeted drug delivery. Moreover, Lu et al constructed a multifunctional supramolecular vesicle composed of a multifunctional cystamine dihydrochloride-blocked pillar\[5\]arene **(CAAP5)** and a galactose derivative **(G)** based on host-guest interaction, and it demonstrated effective drug loading.[@CIT0090] Furthermore, DOX-loaded **CAAP5G** exhibited not only excellent dual-stimulation responsiveness in cancer cells but also rapid release of DOX, and targeting of ASGP-R overexpressing HepG2 cells. Most notably, at high concentrations GSH, vesicles release cysteamine, which increases the anticancer efficiency of DOX and reduces the resistance of cancer cells. This study provides new ideas for the rational design and construction of targeted and stimuli-responsive nanocarriers for drug delivery, which has applications in adjuvant chemotherapy ([Figure 15](#F0015){ref-type="fig"}). Tryptophan (Trp) is an essential amino acid in the human diet, because it can interaction with DNA through the anthracycline in the molecule. Using this, In 2016, Pei and colleagues reported a supramolecular vesicle **(TP5G)** based on the host-guest interaction assembly of Trp-modified pillar\[5\]arene **(TP5)** and a galactose derivative **(G)**.[@CIT0089] Drug-loading experiments showed that the anticancer drug DOX was successfully encapsulated in these supramolecular vesicles, and the galactose residue on the guest is used to the asialoglycoprotein overexpressing HepG2 cells through carbohydrate-protein interaction ([Figure 16](#F0016){ref-type="fig"}). Therefore, this DOX-loaded supramolecular vesicle had the ability to target liver cancer against ASGP-R overexpressing HepG2 cells, but more importantly because of significant mutual interaction between **TP5** and the DNA in the cells. This study developed a targeted supramolecular vesicle drug delivery system based on DNA interactions.Figure 15Schematic illustration of the synthesis of **CAAP5**, the host-guest complexation with galactose derivatives (**G**), formation of vesicles (**CAAP5G**), and their GSH/pH dual-responsive drug release.**Notes:** Reprinted with permission from Lu YC, Hou CX, Ren JL, et al. A multifunctional supramolecular vesicle based on complex of cystamine dihydrochloride capped pillar\[5\]arene and galactose derivative for targeted drug delivery. *Int J Nanomed*. 2019;14:3525--3532.[@CIT0090]; Copyright 2019, Dovepress.Figure 16Cartoon of the self-assembly and drug-loading process of a vesicle based on Trp-modified pillar\[5\]arene and a galactose derivative and its possible cellular pathways.**Notes:** Reprinted with permission from Yang K, Chang YC, Wen J, et al. Supramolecular vesicles based on complex of Trp-modified pillar\[5\]arene and galactose derivative for synergistic and targeted drug delivery. *Chem Mater*. 2016;28:1990--1993.[@CIT0089]; Copyright 2016, American Chemical Society.

In 2018, Hu and colleagues reported stimuli-responsive targeted drug delivery systems formed by host-guest recognition between the novel pillar\[5\]arene prodrug **WP5-DOX** and sulfonate guest **RGD-SG**, a modified by Arg-Gly-Asp (RGD).[@CIT0087] The morphology and size of this nanocarrier, which targets supramolecular tumors, could be controlled by using different ratios of hosts to guests. The amphiphilic **WP5-DOX⊃RGD-SG** complex at a molar ratio of 5:1 self-assembled into vesicles. Smaller micelles were obtained by changing the molar ratio to 1:3. Both prodrug nanocarriers selectively delivered doxorubicin to the RGD-overexpressing in cancer cells and responsively released the drug in an acidic environment, thereby enhancing antitumor efficacy. This work demonstrates the potential of this nanocarrier in stimulating responsive targeted drug delivery.

Amphiphilic Pillar\[n\]arene-Based Multifunctional Supramolecular Vesicles for Smart Nano-Drug Delivery {#S0003-S2003}
-------------------------------------------------------------------------------------------------------

The multifunctional supramolecular vesicles improve not only anticancer efficacy but also reduce the side effects induced by a drug. Notably, they can also overcome the drug resistance of tumor cells. Therefore, these vesicles have received a tremendous amount of attention and have exhibited enormous potential in the development of cancer treatment.

Hu and colleagues successfully constructed a drug-drug conjugated supramolecular nanocarrier based on **WP6**. In this study, two anticancer drugs, chlorambucil and camptothecin were linked by disulfide bonds, and new conjugated prodrugs were generated through the recognition of a host and guest using **WP6**.[@CIT0043] This complex could self-assemble into vesicles in an aqueous medium. The disulfide bond had GSH responsive and could be destroyed in tumor cells, causing the simultaneous release of the two drugs and achieving synergistic treatment against cancer cells ([Figure 17](#F0017){ref-type="fig"}). Cytotoxicity measurements showed that the vesicle not only killed tumor cells, but also significantly reduced the toxic side effects on normal cells. This work provides a new approach to the preparation of nanocarriers and synergistic chemotherapy. To take advantage of combination therapy, Wang's group synthesized a compound derived from boron-dipyrromethene **(G)**, which acted as both a guest and a photosensitizer in aqueous medium. It was complexed with **WP5** to form superamphiphilic molecules and self-assembled into supramolecular vesicles.[@CIT0066] This vesicle had high DOX encapsulation efficiency and exhibited rapid drug release under acidic conditions. Cytotoxicity experiments showed that these vesicles also had good biocompatibility. Cell internalization tests showed that they localized to lysosomes. Furthermore, DOX-loaded vesicles showed significant therapeutic efficacy through a combination of photodynamic and chemical activity against A549 cancer cells, suggesting that DOX can be used in dual chemical photodynamic treatments against cancer. In 2018, Fan and co-workers constructed supramolecular vesicles for joint chemical photothermal therapy.[@CIT0092] They synthesized a perylene diimide dye derivative that acted as both a photothermal agent and a guest; it was complexed with **WP5** to form supramolecular vesicles and had a high loading capacity for the hydrophobic anticancer drug DOX. Cytotoxicity experiments showed that this vesicle had a synergistic effect on MCF-7 cancer cells and a better therapeutic effect than PTT treatment or chemotherapy alone. Moreover, this nanocarrier could easily enter tumor cells by endocytosis, thereby obtaining adequate drug accumulation in the diseased cells. In another work, Fan and co-workers successfully constructed multifunctional supramolecular vesicles through self-assembly based on **WP5** and NIR-absorbing bola-type guest diketopyrrolopyrrole (DPP) by simultaneously combining photothermal- and photodynamic-triggered, hypoxia-activated chemotherapy.[@CIT0074] These nanocarriers exhibited excellent encapsulation of the hypoxia-activatable prodrug tirapazamine (TPZ) and rapidly released drugs at tumor sites in an acidic microenvironment. These vesicles produced high heat and ROS under 660 nm laser irradiation for effective anticancer treatment, which indicated that they also had excellent photothermal stability. Since oxygen is continuously consumed during the PDT process, a hypoxic microenvironment could be availably formed, and in this case, the antitumor activity of the prodrug TPZ was further activated to achieve synergistic treatment. In summary, this work provides an innovative approach to building SDDS that shows great advantages for cancer treatment ([Figure 18](#F0018){ref-type="fig"}). 2014, Pei's group constructed a novel cationic vesicle through self-assembled ferrocene-terminated amphiphilic pillar\[5\]arene (FCAP) in aqueous solution that enabled GSH triggering and siRNA co-delivery, showing low cytotoxicity and significant redox-responsive behavior leading to rapid drug release and gene transfection in cancer cells at high GSH concentrations.[@CIT0088] The cationic vesicle not only effectively improved the bioavailability of anticancer drugs and reduced their adverse side effects on normal cells, but also overcame the problem of cancer cell drug resistance. This is the first report of redox-reactive vesicles for drug/siRNA co-delivery assembled from pillar\[n\]arenes, which provides a good example of a rational design of an effective stimulus-responsive drug/siRNA co-delivery system.Figure 17Schematic design of the drug--drug conjugate **SVs** for co-delivery of different anticancer drugs. Reprinted with permission from Shao W, Liu X, Sun GP, Hu XY, Zhu JJ, Wang LY. Construction of drug-drug conjugate supramolecular nanocarriers based on water-soluble pillar\[6\]arene for combination chemotherapy. *Chem Commun*. 2018;54:9462--9465.[@CIT0043]; Copyright 2018, [[Royal Society of Chemistry](https://www.rsc.org/)]{.ul}.Figure 18Construction of multifunctional supramolecular vesicles for combination cancer therapy.**Notes:** Reprinted with permission from Wang Q, Tian L, Xu JZ, et al. Multifunctional supramolecular vesicles for combined photothermal/photodynamic/hypoxia-activated chemotherapy. *Chem Commun*. 2018;54:10328--10331.[@CIT0074]; Copyright 2018, [[Royal Society of Chemistry](https://www.rsc.org/)]{.ul}.

Conclusion {#S0004}
==========

In conclusion, recent advances in stimuli-responsive supramolecular vesicles generated based on amphiphilic pillar\[n\]arenes for smart drug delivery were reviewed. Currently, the most widely synthesized amphiphilic pillar\[n\]arenes are anionic amphiphilic pillar\[n\]arenes modified by carboxyl groups. Compared to carboxyl groups, sulfonic groups have not been excessively studied in the synthesis of amphiphilic pillar\[n\]arenes. Yang's group recently synthesized amphiphilic pillar\[n\]arenes based on mono-sulfonic acid groups and disulfonic acid groups and used them to construct fluorescent supramolecular systems. In addition, neutral and cationic pillar\[n\]arenes have been continuously discovered and used because of their excellent biocompatibility, targeting function and co-delivery capacities. Therefore, the synthesis of novel multifunctional amphiphilic pillar\[n\]arenes is a development trend that is characterized by significant challenges.

Recently, through the development of related research, supramolecular vesicles based on amphiphilic pillar\[n\]arene have been developed in increasing numbers and used for smart drug delivery. It has become a tremendous research area for potential development. Among recent developments, supramolecular vesicles have been constructed using amphiphilic pillar\[n\]arenes that can overcome the drug resistance of cancer cells. For example, Hu and co-workers utilized water-soluble pillar\[6\]arenes in an aqueous medium to construct two anticancer drug-conjugated supramolecular vesicles for chemo-photothermal therapy and chemo-photodynamic therapy for cancer. This work provides a novel method for synergistic chemotherapy. Moreover, Pei's group developed a different multifunctional cationic capsule capable of GSH triggering and siRNA co-delivery via the ferrocene-modified termini of pillar\[5\]arenes which provided good examples of effective stimulation of responsive drug release and gene co-transport system design ([Figure 19](#F0019){ref-type="fig"}). The abovementioned amphiphilic pillar\[n\]arene-based multifunctional supramolecular vesicles not only have the functions of single targeting or stimulus-responsive supramolecular vesicles to improve anticancer efficiency and reduce cytotoxicity and side effects induced by the drug in normal cells but also, more importantly, the ability to overcome the drug resistance of tumor cells, thereby improving the effectiveness of chemotherapy. Therefore, in future research, we should continue to pay attention to and research multifunctional supramolecular nanomaterials based on amphiphilic pillar\[n\]arenes, which will hopefully open up new and promising prospects for synergistic combination therapy for use against cancer. Scheme 1Chemical structures of amphiphilic pillar\[n\]arenes.Figure 19Synthetic route of ferrocenium capped amphiphilic **PA\[5\]**, Illustration of the formation of cationic vesicles, and their redox-responsive drug/siRNA release.**Notes:** Reprinted with permission from Chang YC, Yang K, Wei P, et al. Cationic vesicles based on amphiphilic pillar\[5\]arene capped with ferrocenium: a redox-responsive system for drug/siRNA co-delivery. *Angew Chem Int Ed*. 2014;53:13126--13130.[@CIT0088]; © 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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